Background: Visceral fat has been shown to be associated with increased cardiometabolic risk, but the role of subcutaneous fat remains unclear, and evidence from diverse populations is lacking. We hypothesized that visceral fat, but not subcutaneous fat, would be independently associated with incident cardiovascular disease (CVD) and all-cause mortality.
It has been suggested that subcutaneous fat is not associated with, or even may be protective for, CVD risk (9) (10) (11) (12) . One theory of ectopic fat accumulation supporting this hypothesis is that fat is deposited in the subcutaneous compartment first and then in the visceral cavity only when subcutaneous storage capacity is exceeded (13, 14) . Although the ability to preferentially place fat in the subcutaneous cavity may be beneficial, higher subcutaneous fat may still be associated with increased cardiometabolic risk, especially if ectopic fat deposition becomes more likely as the subcutaneous capacity is being approached.
The evidence for a relationship between visceral and subcutaneous fat with incident CVD or mortality comes predominantly from small studies in white populations (1, 2, (5) (6) (7) . We are aware of only two prior studies, from the same cohort, that have investigated whether these relationships differ between individuals self-reporting white and African American race/ethnicity (3, 15) . Similarly, there are two studies in participants of Japanese ancestry (4, 8) and, to our knowledge, none from a Hispanic cohort. This lack of evidence from diverse populations limits the generalizability of prior findings.
Given the evidence from the existing literature, we hypothesized that higher visceral fat would be significantly associated with higher risk for incident CVD events and all-cause mortality, but that any associations with subcutaneous fat would be explained by the correlation with visceral fat. To add evidence to the field, we investigated these associations in specific CVD events, including coronary heart disease (CHD), stroke, and heart failure, and also determined if these relationships differed by age, sex, and race/ethnicity.
Methods

Study population
From 2000 through 2002, the Multi-Ethnic Study of Atherosclerosis (MESA) enrolled 6814 participants ages 45 to 84 years free of CVD at six sites across the United States (16) . Participants were racially/ethnically diverse (white, 39%; Asian, 12%; African American, 28%; Hispanic, 22%). Clinic visits were conducted approximately every two years. For a 30% random subsample from all MESA sites (n = 1947), computed tomography (CT) scans of the abdomen were obtained and used to measure body composition during visits 2 (n = 769) and 3 (n = 1178) starting in 2002 and 2004, respectively (17) . For this study, we used measurements from the L4/L5 intervertebral disc space and excluded participants who had CVD events before body composition measurement (n = 37).
Demographics of the Body Composition Ancillary Study population are similar to the overall MESA cohort. Using semiautomated Medical Image Processing, Analysis, and Visualization software, average visceral and subcutaneous fat masses were estimated from each of two slices (18) . Participants with conditions precluding a scan were excluded and 24 scans were unreadable. Certain participants had one or more body cavities that did not fit in the field of view, producing missing data. If visceral fat values were missing and the visceral area was cut off on only one side (n = 25), the area was imputed by determining the measurement from the midline for the complete half of the image and then doubled. Very few visceral fat values were completely missing (n = 24); however, it is likely that the data are not missing at random (17) , because the largest participants are the most likely to not fit in the field of view and also most likely to have high levels of visceral fat. Subcutaneous scans missing area only on one lateral side (n = 216) were imputed using the same half-process as for visceral fat. If more than one side of the subcutaneous area was missing, then missing values were multiply imputed using sex and race/ ethnicity specific regression equations (n = 146). Values imputed from regression equations were only used for sensitivity analyses. Only 173 subcutaneous values were missing and could not be imputed using these methods. A random subset of Body Composition Ancillary Study participants (n = 590) underwent a second CT scan at visit 4 starting in 2005. Visceral and subcutaneous fat were measured in the same manner as for the first CT scan. Change over time was calculated as fat mass at the second scan -fat mass at the first scan. Visceral fat change was characterized as an increase if change was .30 cm 2 , a decrease if change was ,230 cm 2 , and no change if between 230 and 30 cm 2 . Subcutaneous fat change was similarly characterized.
All MESA participants were followed through 2013 for allcause mortality and incident CVD events including CHD, stroke, heart failure, and combined CVD. Using a standardized adjudication protocol, CHD, and combined CVD events were categorized as "hard" or "all" events (listed in Supplemental Text 1). Primary analysis for this study focused on all events.
Age, sex, race/ethnicity, education, income, and smoking status were self-reported at baseline; CVD risk factors such as hypertension, diabetes, total and high-density lipoprotein (HDL) cholesterol, and triglycerides were matched to the same visit as the abdominal CT scan (study visit 2 or 3). Hypertension was defined as systolic blood pressure $140mm Hg, diastolic blood pressure $90mm Hg, or use of blood pressure-lowering medications. Type 2 diabetes was defined as fasting glucose $126 mg/dL, or use of glucose-lowering medications. All covariates were measured using a standard protocol (16).
Statistical analysis
We described the baseline characteristics of the study sample by tertiles of visceral fat. We used Cox proportional hazards models to quantify the associations between tertiles of visceral fat and incident CVD events and all-cause mortality, with the lowest tertile as the reference group. We constructed survival times from the visit of visceral fat measurement (visit 2 or 3) to the event. We created nested Cox models to adjust for confounding: model 1 was unadjusted; model 2 adjusted for age; model 3 further adjusted for age, sex, race/ethnicity, education, income, and smoking; and model 4 included mutual adjustment for visceral and subcutaneous fat. A priori, we assumed that hypertension, type 2 diabetes, and hyperlipidemia were mediators of this relationship and therefore did not adjust for them in our primary analysis. We formally tested for effect modification by age, sex, and race/ethnicity using interaction terms. Our investigation of subcutaneous fat used the same analytic plan as that for visceral fat. Finally, we used logistic regression to assess whether change in visceral or subcutaneous fat from the first CT scan to the second CT scan was associated with CVD and mortality.
We also assessed the continuous associations of visceral fat with CVD and mortality incidence rates using adjusted Poisson regression models. For the Poisson models, we used linear splines with two knots, one at each tertile cut-point for visceral fat. To further evaluate the continuous relationships, we used the Contal and O'Quigley approach, implemented by the Cha, Mandaker, and Mandaker SAS macro, to investigate outcomebased empirical cut-points for visceral fat (19) (20) (21) . All analysis, except the estimation of cut-points, was conducted using Stata 11 (22) .
Sensitivity analyses
We conducted sensitivity analysis investigating the difference in the association between body composition and hard CHD and CVD events compared with all CHD and CVD events. We analyzed the impact of missing visceral and subcutaneous fat data on the results using indicator variables as markers of missingness for visceral and subcutaneous fat, both in the Cox proportional hazards models and Kaplan-Meier curves (n = 1590 for the primary model vs n = 1908 for the missing indicator model). We also investigated the a priori assumption that other CVD risk factors were mediators of the relationship between adiposity and CVD by adding a mediation model that included hypertension, diabetes, and hyperlipidemia. To determine whether visceral fat predicts CVD and mortality above and beyond the traditional measure of overall adiposity, we included body mass index (BMI) in the model and used likelihood ratio tests to assess whether BMI had an independent contribution to CVD risk. We assessed whether confounding by physical activity, measured as total intentional exercise, explained our results. Finally, we determined whether results differed for subgroups with type 2 diabetes or who used hormone replacement therapy.
Results
A total of 1910 participants were included in the analysis and followed for an average of 9.3 years. Compared with participants in the lowest tertile of visceral fat, participants in the highest tertile are older; more likely to be male; have lower income and education; have higher BMI, blood pressure, triglycerides, HbA1c, and subcutaneous fat; and lower HDL cholesterol (Table 1) .
Kaplan-Meier curves for combined CVD showed that visceral fat tertiles 2 and 3 were significantly different than tertile 1 (P , 0.005), but overlapping curves for tertiles 2 and 3 (P = 0.18), suggest some evidence for a potential plateau in risk (Fig. 1A) . The informative nature of the missing data at the upper range of the visceral fat distribution, with statistically significant separation of the curve for the missing values (P , 0.005), indicates that the plateau may be an artifact of the missing data. In contrast, Kaplan-Meier curves for combined CVD by tertiles of subcutaneous fat showed no separation between the curves for the tertiles or for missing values (Fig. 1B) .
Results from the Cox proportional hazards models showed substantial positive associations for visceral fat tertiles for CHD and combined CVD, but not for allcause mortality (Table 2 and Fig. 2 ). Although there was weak evidence for a positive association with heart failure, there was no evidence of an association for stroke (Table 2) . Estimates for CHD and CVD were mildly attenuated with additional adjustment, although estimates were generally stronger when adjusted for subcutaneous fat. No evidence was found for interaction between visceral or subcutaneous fat. Despite some evidence of higher estimates for women, those younger than 70 years and those self-reporting African American or Hispanic race/ethnicity for CHD and combined CVD (Table 3) , there were no statistically significant interactions with age, sex, or race/ethnicity (all P . 0.15). Cox proportional hazard models also estimated no consistent statistically significant association between subcutaneous fat and any CVD event or death (abbreviated results in Supplemental Table 1 ). Visceral fat was a stronger risk factor than subcutaneous fat for CHD and combined CVD (Fig. 2 ). There were no significant deviations from the proportionality assumption for any of the models.
Average visceral fat change was 4.19 cm 2 and average subcutaneous fat change was 3.24 cm 2 . Logistic regression models offer some indication that increase in total fat mass may be associated with CHD and CVD in addition to higher baseline visceral fat (Table 4) . No significant association was found for visceral or subcutaneous fat change and all-cause mortality. The adjusted continuous relationships of visceral fat with CHD and CVD incidence rate were generally linear, while the association with all-cause mortality exhibited a weak potential U-shape (Supplemental Fig. 1 ). The curves for CHD and CVD did not display the plateau suggested by Fig. 1 and Table 2 , further indicating that data at the upper range of visceral fat may be missing differentially. Results for the cut-point analysis are described in Supplemental Text 2.
Sensitivity analyses confirmed that results were similar for most subgroups (Table 3) , with some loss of precision and monotonicity, predominantly in smaller subsamples. Adjusting for total intentional exercise did not change the results (data not shown). Similarly, including BMI in the model resulted in minor attenuation (not shown), mostly for CVD, but likelihood ratio tests for the inclusion of BMI (P = 0.17, 0.10, and 0.71) and BMI estimates (P = 0.16, 0.098, and 0.71) were not significant for CHD, CVD, or mortality, respectively. Limiting the analysis to only hard endpoints also resulted in attenuation, more pronounced for CVD than for CHD (Table 3) . Including a category for missing visceral fat values indicated that the exclusion of missing values may bias the results for CHD and combined CVD. Finally, informal mediation analysis showed that accounting for mediation by the traditional CVD risk factors attenuated the results, particularly for combined CVD [hazard ratio for tertile 2 = 1.44 (0.95-2.18) and tertile 3 = 1.19 (0.78-1.83)].
Discussion
Our primary finding is that visceral fat was significantly associated with an increased risk for both CHD and combined CVD, but not all-cause mortality, whereas subcutaneous fat was not associated with any of these outcomes. These results were generally robust to sensitivity analyses; however, the missing data at the top of the visceral fat distribution limited our investigation of the true magnitudes and shapes of the observed relationships. These results did not differ significantly by age, sex, or race/ethnicity. Risk factors on the pathway partially (for CHD) or substantially (for CVD) mediated the relationship between visceral fat and cardiovascular events. There was no evidence for meaningful cut-points for visceral fat based on cardiovascular risk.
Our results are consistent with prior findings that visceral, but not subcutaneous fat, is significantly associated with incident CVD and that this association remains when BMI is included in the model (1) (2) (3) (4) . Although reports on the association between visceral fat and CVD risk factors are common, there are still only a handful of prospective longitudinal studies that have investigated the role that body fat composition plays in CVD events (1-4) or mortality (1, (5) (6) (7) (8) . Our study investigated specific CVD endpoints as well as combined CVD. As such, we provide evidence suggesting that risk estimates for combined CVD from visceral fat burden may be driven by CHD. Similarly, only one prior study specifically investigated the role that visceral fat plays in the development of heart failure and none has investigated the association with stroke (15) . Larger studies or collaborations that combine cohorts may be needed to fully investigate these lower event rate outcomes. Our finding that the association between higher visceral fat and incident CHD and CVD is similar across racial/ethnic groups is consistent with Nicklas et al., in which no substantial heterogeneity between whites and African Americans was demonstrated (3, 15), but our work adds comparable estimates in Asian and Hispanic individuals from the same cohort. Known disparities in CVD risk and reported differences in body fat distributions by race/ethnicity would make these findings unexpected (23, 24) if it were not for the similar results for visceral fat and CHD in white, African American, and Japanese-American cohorts (3, 4) . The lack of biological mechanisms for such heterogeneity in conjunction with the evidence that anthropometric measures have differential ability to approximate visceral fat by race/ethnicity also make this finding less surprising (17, 25) . Although the relative strength of the association of visceral fat and subcutaneous fat with CVD risk for each racial/ethnic group needs further assessment, this study bolsters support for interventions to reduce visceral fat for primary prevention in all racial/ethnic groups.
Evidence for interaction in the association between visceral fat and CVD by sex is contradictory (1, 3) . Although the results of our study do not indicate heterogeneity by sex, they do support the findings by Nicklas et al. that the visceral fat and CVD relationships may persist in the elderly (Table 3) . In this regard, it has been suggested that the lower estimates of the BMI vs CVD relationship in this group is due to the inaccuracy of BMI as a measurement of adiposity with advancing age. Use of the more precise visceral fat measurement that directly captures fat in the depot known to be most strongly associated with risk may ameliorate this potential misclassification. Similarly, the use of visceral fat to assess the adiposity vs CVD relationship may show that sex differences seen in these relationships when anthropometric proxies are used are due to measurement and statistical artifact; however, more studies powered to detect interaction are needed to clarify this issue.
Except for the weak and generally nonsignificant positive estimates for stroke and the protective estimates for mortality, there was little evidence in MESA that subcutaneous fat plays a role in cardiovascular risk. Consistent failure in the literature to find a protective effect from subcutaneous fat and the preferential decrease in visceral fat from weight loss (26) indicate that weight loss for those with indications of high visceral fat burden may offer the most health benefits. These results support the idea that primary prevention of risk factors and CVD may be possible through generalized weight loss without negative implications from loss of subcutaneous fat. Methods to target abdominal adiposity may provide additional tools for reduction of CHD risk.
Also in concordance with prior evidence (27) , our mediation analysis suggests that obesity, including visceral fat, acts through comorbidities such as hypertension, https://academic.oup.com/jcemdiabetes, and hypercholesterolemia to increase CVD risk. The extent of this mediation and alternative pathways between obesity and CVD risk, especially pathways specific to fat in the visceral compartment, remain to be fully elucidated. More pertinent is that these findings further support a logical causal framework for the health effects of visceral fat specifically, and the potential for obesity prevention to impact CVD incidence. Prior evidence on the association between body fat composition and mortality is less consistent. Contrary to our weakly suggestive, but nonsignificant results, all studies reported that visceral fat was significantly associated with increased all-cause mortality, but estimates differed widely by sex and inclusion of BMI (5-7), including two studies with estimates that were fully attenuated by the inclusion of BMI and other CVD risk factors (1, 8) . Mortality results for subcutaneous fat also differed, from a substantial and persistent protective association in women only (6) , to null results (1, 5, 8) , to an important positive univariate association with complete attenuation by mutual adjustment for other fat depots in men (7). The heterogeneity of estimates for visceral fat and mortality may be explained by differences in the distribution and relationship of noncardiovascular causes of death or by true subgroup effects. The possibility of a null relationship for mortality does not negate the relationship between visceral fat and CHD in the context of the obesity epidemic and the associated burden and cost of resulting cardiovascular comorbidities.
Missing data at the upper ranges of visceral fat pose the most challenging limitation for our analysis. Even more problematic, the results from our sensitivity analyses indicate that these data are missing not at random and likely attenuate our estimates. In contrast, these results were expected given the previously identified limitation of the CT field of view for participants above a certain size and our prior investigation of this phenomenon (17) . The known mechanism for this missing data gave us the opportunity to understand the repercussions of this differential missingness and make educated assumptions about its effects on our inference. The small number of specific CVD events also limited this study by reducing the precision and possibly the stability of the estimates for stroke and heart failure. This was compounded by the reduction of follow up time in this analysis necessitated by the measurement of body fat at visits 2 and 3 instead of at baseline. Similarly, the small number of repeat CT scans across a relatively short period limits our ability to make conclusions about the importance of change in visceral and subcutaneous fat over time separately from baseline levels. This study may also be underpowered to assess quantitative interaction. These limitations are offset by several strengths. The MESA abdominal body composition ancillary study provided the opportunity to investigate the role of adiposity in CVD risk in a large diverse cohort. Using CT-derived measurements of visceral and subcutaneous fat allowed us to separate the components of adiposity to determine the univariate and mutually adjusted associations that place people most at risk for CVD. Using these gold standard measurements also allowed us to provide more precise estimates of the effects of body fat composition on CVD risk. Similarly, the comprehensive and adjudicated reporting of CVD events and mortality allowed us to examine these relationships for specific CVD event types. Finally, the diversity of the MESA study allowed us to assess interaction by age, sex, and race/ ethnicity, whereas the richness of the data allowed us to investigate the sensitivity of our results. These strengths ). b Primary model = model 3 from Table 2 : age, sex, race/ethnicity, education, income, and smoking.
c Hard CHD events include: myocardial infarction, resuscitated cardiac arrest, and CHD death (all CHD also includes definite or probable angina). Hard CVD includes: myocardial infarction, resuscitated cardiac arrest, CHD death, stroke, and stroke death (all CVD also includes definite or probable angina if followed by revascularization, other atherosclerotic death, and other CVD deaths). d Primary model includes nonmissing data and data where subcutaneous values could be imputed using the half-process method for a total of n = 1590. The missing data model minimizes missing data by including all possible values for missing data: subcutaneous fat imputed with prediction equations, indicator for fully missing subcutaneous fat data, and an indicator for fully missing visceral fat data. This model places completely missing values for visceral and subcutaneous fat into separate categories for a total sample size of n = 1908. Visceral fat is completely missing for n = 24; subcutaneous fat is completely missing for n = 173. e Mediation: Primary model + hypertension, type 2 diabetes, total cholesterol, HDL cholesterol, and triglycerides.
of obesity in general, and methods to prevent and reduce of visceral fat specifically, may lead to lower risk for CHD in diverse populations of middle-aged adults.
